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Abstract. This paper aims to review the availability and
application of sensors for observing marine ecosystem sta-
tus. It gives a broad overview of important ecosystem vari-
ables to be investigated, such as biogeochemical cycles, pri-
mary and secondary production, species distribution, animal
movements, habitats and pollutants. Some relevant legisla-
tive drivers are listed, as they provide one context in which
ecosystem studies are undertaken. In addition to literature
cited within the text the paper contains some useful web links
to assist the reader in making an informed instrument choice,
astheauthorsfeelthatthetopicissobroad, itisimpossibleto
discuss all relevant systems or to provide appropriate detail
for those discussed. It is therefore an introduction to how and
why ecosystem status is currently observed, what variables
are quantiﬁed, from what platforms, using remote sensing or
in-situ measurements, and gives examples of useful sensor
based tools. Starting with those presently available, to those
under development and also highlighting sensors not yet re-
alised but desirable for future studies.
1 Introduction
Over recent years a shift in emphasis has occurred in marine
monitoring and management away from looking at isolated
individual components and towards assessments of ecosys-
tem health and elucidating connections between different
ecosystem components. This has involved the development
of the “ecosystem approach to the management of human
activities” (see for example records of the joint meeting of
the Helsinki & OSPAR Commissions, 2003) and a call for
more cross-boundary, multi-disciplinary approaches to un-
derstanding the impact that humans have on the seas. This
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is both reﬂected in, and a reﬂection of the legislative drivers
(European Directives) as summarised in Table 1. The most
recent wide-reaching directive is the European Marine Strat-
egy Framework Directive (which came into force on the 15
July 2008), a thematic strategy for the protection and con-
servation of the marine environment. The individual Marine
Strategies required under this directive will contain a detailed
assessment of the state of the environment, a deﬁnition of
“good environmental status” (GES) at regional level and the
establishment of clear environmental targets and monitoring
programmes. Seabed integrity and habitats are key themes
of GES supported by the development of indicators (Rees,
2003); (Hiscock et al., 2004; Rogers and Greenaway, 2005).
It is envisaged that each Member State will draw up a pro-
gramme of measures, where impact assessments, including
a detailed cost-beneﬁt analysis will be required prior to in-
troduction. (http://ec.europa.eu/environment/water/marine/
index en.htm).
To assess the impacts of different activities, such as ﬁsh-
ing, disposal of waste, nutrient inputs, and aggregate extrac-
tion, it is not sufﬁcient to look at them individually, without
also trying to understand where effects might be cumulative.
In addition one has to include other pressures such as climate
change and how they will modulate the ecosystem response
to any other anthropogenic impact. A schematic overview
of the marine ecosystem is given in Fig. 1. Processes such
as nutrient and carbon cycling, energy transfer from prey to
predator, and transfer of excreted or dead material link the in-
dividual components in a complex interconnected network.
Quantiﬁcation of these processes and controlling factors is
therefore crucial to understanding and managing ecosystem
function.
When discussing sensors that are relevant to the obser-
vation of ecosystem status, a useful starting point is the
other white papers published following the international
OceanSensors workshop in 2008 and published in the spe-
cial issue Ocean sensors (Editors: T. Dickey, R. Prien, and
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Figure 1 Schematic representation of the marine ecosystem (from Kröger and Law, 2005a) 
Fig. 1. Schematic representation of the marine ecosystem (from Kr¨ oger and Law, 2005a).
Table 1. Legislative drivers for marine observations.
Directive Reference
Bathing Waters Directive 76/160/EEC
Birds Directive 79/409/EEC
Environmental Impacts 85/337 as
Assessment Directive amended by 97/11
Urban Waste Water Treatment Directive 91/271/EEC
Nitrates Directive 91/676/EEC
Habitats Directive 92/43/EEC
Integrated Pollution Prevention 96/61/EEC
and Control Directive
Water Framework Directive 2000/60/EC
Marine Strategy Framework Directive 2008/56/EC
G. Grifﬁths), as many different types and classes of sen-
sors will yield relevant information – be it sensors looking
at nutrients or hazards, sensors using molecular biology or
detecting ocean carbon, sensors used in-situ on autonomous
platforms or those making remote measurements from space.
The relevant time scales range from seconds to years and
the space scales from nanometers to thousands of kilome-
tres, as illustrated by T. Dickey (Dickey, 1990). Therefore
many different observational strategies have to be used to
address them and Fig. 2 gives an overview of such marine
observational strategies. Each of the described observational
platforms can be equipped with a range of sensors, and in-
creasingly “ships of opportunity” add valuable spatial cov-
erage to that obtained with dedicated RVs (Harashima et al.,
2006; Urban et al., 2008).
The key to making any particular sensor a tool for observ-
ing, ecosystem status, is the way in which the sensor out-
put is used in the context of other measurements, to build up
the bigger picture. A range of international programmes ex-
ists to integrate activities. For example, the Global Ocean
Observing System (GOOS) is an international programme
preparing the permanent global framework of observations,
modelling and analysis of ocean variables needed to sup-
port operational ocean services wherever they are undertaken
around the world. EuroGOOS (http://www.eurogoos.org/) is
an Association of Agencies, founded in 1994, to further the
goals of GOOS, and in particular the development of Opera-
tional Oceanography in the European Sea areas and adjacent
oceans.
Many different methodologies exist by which to group or
classify sensors, for example by target group (i.e. physical,
chemical or biological sensor), by transduction mechanism
(optical, acoustical, electrochemical etc.) or sample ma-
trix (air, water, sediment), and each of these classiﬁcations
have merit. When selecting speciﬁc examples of sensors for
ecosystem status, it was considered a good start to look at
measurement methods that inform us about biogeochemical
cycles and primary productivity, as the carbon assimilation
by bacteria, plankton and seaweeds form the basis of the
foodchain and as such determine overall marine productivity.
Ideally one would like to know not only how much produc-
tion occurs, but also by whom – i.e. identify the species of
primary producers and what diversity is present. The next
steps are measurements that look into secondary production,
such as grazing of plankton by copepods or other inverte-
brates, and transfer of nutrients throughout all trophic lev-
els. While various sensors exist to look at phytoplankton, the
higher trophic levels are less easy to quantify with sensors.
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Figure  2.  Schematic  overview  of  marine  observational  strategies  (from  Kröger  and  Law, 
2005a). AUV: automonous underwater vehicle; ROV: remotely-operated vehicle. 
Fig. 2. Schematic overview of marine observational strategies (from Kr¨ oger and Law, 2005a). AUV: automonous underwater vehicle; ROV:
remotely-operated vehicle.
Still, some devices can be useful in assessing these ecosys-
tem components and their interactions, such as those dis-
cussed under speciation, animal movements or habitat clas-
siﬁcation.
The big issue for most monitoring programmes is the an-
thropogenic impact on ecosystem status. Information rele-
vant to this is obtained from sensors that measure a human
activity or pressure directly, for example sensors for quanti-
fying chemical pollution or nutrient inputs. Next, the corre-
lation of the impact with a change in the ecosystem “state”
has to be evaluated – for example by measuring increased
primary production, shifts in species composition, decreases
in oxygenation, or occurrence of disease in animals follow-
ing pollution events (ecotoxicology). To understand ecosys-
tem processes, we have to be able to understand and quantify
the cycles of carbon, nutrients and oxygen mediated by bi-
otic and abiotic processes and how our activities modulate
these ﬂows. Obviously impact assessments are not limited
to anthropogenic impacts, but also cover natural events and
the line between these two may be ﬂuid. When are shifting
ocean currents and associated shifts in salinity, temperature,
nutrient concentration etc. human induced, for example as a
consequence of global warming, and when are they down to
natural cycles and dynamics?
Sensors can play an important role in answering the ques-
tions about current state as well as rate and direction of
change, thus providing the evidence on which to base any
management action, and in the section below some speciﬁc
examples of relevant sensors will be described.
2 Review of state-of-technology
The wide-ranging nature of this chapter will make it impos-
sible to be exhaustive in describing sensors in use or poten-
tially useful. The reader is also referred to additional mate-
rial listed in tables, in the bibliography and under useful web
links, even if no further description of the corresponding de-
vice is made in the text.
2.1 Remote sensing
To start with some general deﬁnitions regarding remote sens-
ing are necessary: remote measurement sensors can be “pas-
sive” and “active” but both record the intensity of a signal
from a target. Passive sensors usually use the reﬂected spec-
trum of the sun. Active sensors are equipped with a light
source, usually a laser, for illumination of the target. Sensors
have “bands” or “channels”, of speciﬁc wavelength within
the electromagnetic spectrum. Target objects have a spectral
signature based upon how they reﬂect and emit electromag-
netic radiation. “Spectral resolution” refers to the number
and width of discrete bands per sensor. The temporal reso-
lution, or “revisit time”, is very important in marine applica-
tions. This refers to the time period between repeat passes
over an object. Data are delivered to the user in a matrix or
“scene” of square picture elements (pixels). The pixel size
corresponds to the “spatial resolution” of the sensor, which
determines the smallest object detectable.
Satellite observations have been made on dedicated mis-
sions: “Ocean colour” has been measured since 1970s
(CZCS) and reliable data has become available since
1999 (SeaWIFS), with high temporal coverage since 2002
(MODIS and MERIS). When looking at measurements rel-
evant for primary production estimates, global chlorophyll
www.ocean-sci.net/5/523/2009/ Ocean Sci., 5, 523–535, 2009526 S. Kr¨ oger et al.: Sensors for observing ecosystem status
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Figure 3 Data comparison of phytoplankton chlorophyll measurements at a calibration site in 
the North Sea, the Oyster Grounds (54°24'.84N, 004°2'.50E). Satellite observations  are from 
daily  MODIS  scenes  processed  at  Ifremer  with  the  OC5  algorithm  (Gohin  et  al.,  2002), 
courtesy of Ifremer/Marcoast, ship based measurements are from field sampling by RIKZ, 
The Netherlands (www.waterbase.nl) and represent chlorophyll a as measured by extraction 
with organic solvent and analysis by HPLC, and moored fluorimeter data are collected using a 
jointly  operated  Cefas/RIKZ  SmartBuoy  and  can  be  viewed  or  downloaded  at 
(http://www.cefas.co.uk/data/marine-monitoring.aspx). 
Fig. 3. Data comparison of phytoplankton chlorophyll measurements at a calibration site in the North Sea, the Oyster Grounds (54◦24084N,
004◦2050E). Satellite observations are from daily MODIS scenes processed at Ifremer with the OC5 algorithm (Gohin et al., 2002), courtesy
of Ifremer/Marcoast, ship based measurements are from ﬁeld sampling by RIKZ, The Netherlands (www.waterbase.nl) and represent chloro-
phyll a as measured by extraction with organic solvent and analysis by HPLC, and moored ﬂuorimeter data are collected using a jointly
operated Cefas/RIKZ SmartBuoy and can be viewed or downloaded at (http://www.cefas.co.uk/data/marine-monitoring.aspx).
algorithms work well in most waters but not in shallow, tur-
bid regions (Gregg and Casey, 2004). Therefore regional al-
gorithms are in development for such “case II” waters, for
example the European Space Agencies “MarCoast” project
(2006–2008) aims to produce certiﬁed, validated water qual-
ity products for European waters (“no more maps without
stats”). An important aspect when using remote sensing data
is comparison with in-situ observations (ground-truthing) to
ensure data robustness. Figure 3 gives an example of satel-
lite, ship and buoy derived chlorophyll measurements at a
site in the North Sea. The time series show very different
phytoplankton bloom dynamics between the two consecutive
years. In 2006 a single, large peak of chlorophyll in early
April is followed by a long period of low surface chlorophyll
during the summer, whereas in 2007 a series of large blooms
occurredthroughoutthespringandearlysummer. Bothyears
have evidence of increased chlorophyll in the autumn.
Other examples of remote sensing data output are water
quality measures based on sediment load and light attenua-
tion, ocean temperature and waves, the evaluation of bloom
deposition (Schratzberger et al., 2008), and the study of en-
vironmental factors controlling shellﬁsh growth (Smith and
al., 2007). Remote sensing sets the spatial scale context of-
ten difﬁcult to achieve by other means. This is particularly
clear in the context of climate change. More observational
data is required and the integration of remote measurements
with other observations and ecosystem models will be very
important.
2.2 In-situ observations
In this review “in-situ observations” include all measure-
ments that are not made remotely. These can be genuinely
in-situ measurements for example made by deploying sen-
sorsonmooringsordriftersorbyinsertingthemfromlanders
into sediments, but also includes measurements made subse-
quently by inserting sensors into samples retrieved from the
ecosystem, such as water, sediment cores, or even biota.
2.2.1 Biogeochemical cycles
Many of the measurements directed at quantifying processes
such as the carbon cycle, and nutrient ﬂuxes are described
in other papers such as the ones on oceanic carbon mea-
surements and observation of ocean nutrient environments,
but brieﬂy mentioned here because of their high relevance
to ecosystem status. They are particularly important in the
context of legislative control of water quality, and key cri-
teria under many EU directives (Urban Waste Water Treat-
ment Directive, Water Framework Directive, Nitrates Direc-
tive etc.) and OSPAR comprehensive procedure assessments
(Tett et al., 2007).
Nitrate measurements are, for example, continuously
made in-situ on Cefas SmartBuoys (http://www.cefas.co.uk/
data/marine-monitoring.aspx) using NAS3x nutrient anal-
ysers (http://envirotechinstruments.com/index.html) along-
side a range of other instruments. Figure 4 depicts a Smart-
Buoy with its sensor payload. Using these sensors in combi-
nation with other measurements such as chlorophyll ﬂuores-
cence and oxygen made at the same time from the same plat-
form it is possible to identify the spring bloom timing, onset
Ocean Sci., 5, 523–535, 2009 www.ocean-sci.net/5/523/2009/S. Kr¨ oger et al.: Sensors for observing ecosystem status 527
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Figure 4 Smartbuoy with sensor payload including 50-bag water sampler, nitrate analyser and 
ESM2 logger with chlorophyll fluoromer, PAR (1m and 2m), conductivity, temperature and 
optical backscatter. Data telemetry by ORBCOMM satellite. 
 
Fig. 4. Smartbuoy with sensor payload including 50-bag water sam-
pler, nitrate analyser and ESM2 logger with chlorophyll ﬂuoromer,
PAR (1m and 2m), conductivity, temperature and optical backscat-
ter. Data telemetry by ORBCOMM satellite.
of stratiﬁcation and nutrient limitation through the growing
season. The high temporal resolution gives clearer insight
into rates of change and tidal variability otherwise not cap-
tured by shipboard sampling.
A biosensor based on microbial utilisation of nitrate and
nitrite has been commercialised by Unisense (http://www.
unisense.com, the company website lists a large range of pa-
pers demonstrating the utility of the sensor), and has been
tested for laboratory and ﬁeld analysis of seawater sam-
ples. The sensor showed good correlation to traditional
wet-chemistry analysis of nutrients used on an autoanalyser
(Kirkwood et al., 1996)and has the advantage of using less-
costly equipment and not generating any hazardous chemical
waste. Performance of the biochambers can be variable and
the lifetime is limited, but for particular applications this sen-
sor has very useful characteristics.
Spectral analysis in the UV range can be used to detect
nitrate although careful calibration is required and problems
can occur particularly in highly coloured or turbid coastal
waters. Instruments are available from TRIOS (ProPS http:
//www.trios.de/index.php?option=com content\&view=
article\&id=199\&catid=45\&Itemid=74\&lang=en), and
Satlantic (SUNA www.satlantic.com/suna/).
Sediment nutrients are rarely detected in-situ. While sam-
pling techniques are evolving, such as lander-based deploy-
ments of gel sampling technologies (DET and DGT, (Zhang
and Davison, 1999; Fones et al., 2001), these still require
sample elution and analysis in the lab and sensors fully
adapted to the measurement of nutrients in sediments are de-
sirable.
A parameter of increasing importance to ecosystem stud-
ies is oxygen, both in the context of estimation of primary
production, as well as being part of the evaluation of un-
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Figure  5    A  selection  of  electronic  ‘archival’  or  ‘data  storage’  tags  used  to  study  the 
movements and behaviour of fish showing the reductions in size over timefrom Metcalfe et al. 
(in press, b)". 
1993 
1997 
2005 
Fig. 5. A selection of electronic “archival” or “data storage” tags
used to study the movements and behaviour of ﬁsh showing the
reductions in size over timefrom Metcalfe et al. (2009b).
desirable disturbance and detection of low oxygen events.
Oxygen measurements within the sediment and water col-
umn are key to providing insight on carbon fate and cy-
cling in terms of benthic pelagic coupling and reminerali-
sation pathways and rates. The latest generation of sensors
such as the seabird oxygen sensor based on a redesign of
the Clark polarographic membrane type (http://www.seabird.
com/products/spec sheets/43data.htm), and optodes which
quantify dissolved oxygen concentrations based on ﬂuores-
cent quenching of dyes immobilised in sensing foils, have
allowed rapid progress (Tengberg et al., 2006). For measure-
ments from SmartBuoys and other automated platforms, An-
deraa optodes (http://www.aadi.no/aanderaa/welcome.aspx),
have produced extremely useful data series. These optodes
have been used for extended periods and while fouling is
still an issue, robustness and reliability have been excellent.
The high-frequency data collected over extended time peri-
ods has given insights into events and processes at a range of
temporal scales (hours to weeks) that were not possible on
the basis of discrete sporadic measurements achieved by tra-
ditional methods and platforms. Recently optodes deployed
at three sites within the North Sea (Southern Bight, North
Dogger and Oyster Grounds) on landers and buoys have pro-
vided insight into contrasting carbon coupling mechanisms
and rates for two years in succession. Accompanied by cur-
rent (Acoustic Doppler Current Proﬁler, ADCP), tempera-
ture, salinity, ﬂuorescence and suspended load traces, they
have highlighted processes that can drive oxygen depletion
linked to the thermocline, the rate of such depletion events
and the signiﬁcance of storm induced resuspension in driv-
ing oxygen often down towards 40% saturation.
Oxygen in sediments is controlled by the supply of oxygen
fromthewatercolumnandconsumptionwithinthesediment,
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which is related to sediment type, carbon input and benthic
fauna (micro to macro). The dynamic control on oxygen
ﬂuxes between sediment and water column is key to under-
standing ecosystem status. For recording oxygen proﬁles in
sediments, Clark type glass microelectrodes such as those
producedbyUnisense(http://www.unisense.com/)havebeen
used to good effect and by many groups. Unisense are main-
tainingacomprehensive literature listofpublishedmicrosen-
sor work over the last two decades (http://www.unisense.
com/Default.aspx?ID=629). These electrodes are available
in a range of different tip diameters and lengths and are sur-
prisingly robust when inserted into sediment cores or into the
sediment interface using bottom landers, as explored under
the European project COBO (http://www.cobo.org.uk/). The
requirements for new technologies for the study of continen-
tal margin benthic ecosystems and the need for benthic ob-
servatories are discussed at http://www.aslo.org/santafe2007.
Microelectodes provide point proﬁles at high resolution
(100µm) to mm but can take a while to proﬁle at high resolu-
tion and provide information at one point only. Recent intro-
duction of planar oxygen optodes (Glud et al., 1996) now al-
lows two-dimensional quantiﬁcation of the variations in oxy-
gendistributionataspatialresolutionof0.1mmoverareasof
several cm2. The optode penetrates the sediment like an in-
verted periscope, using a design similar to the SPI (Sediment
Proﬁle Imagery) camera developed by Rhoads and Germano
(Rhoads et al., 1981) and enables examination of 2-D oxy-
gen dynamics in relation to topography, sediment structure
and bioturbation. Multiple oxygen proﬁles can be derived
from each planar image. Based on this technology detec-
tion of pH has similarly been feasible using a planar optode
approach (Stahl et al., 2005). SPI technology itself uses sed-
iment colour images to examine sediment redox status, and
links to faunal succession based on a model developed by
Pearson and Rosenberg (Pearson and Rosenberg, 1978). De-
velopments of this technology have linked time-lapse capa-
bility with ﬂuorescent tracers or gel sampling to provide in-
sight into sediment functioning and chemistry (Solan et al.,
2004). In-situ detection of further chemical species such as
carbon fractions, nutrients, metals and contaminants remains
desirable.
Two parameters increasingly on the monitoring agenda are
carbon dioxide and pH, both of which are highly relevant in
the context of ocean acidiﬁcation. As the measurements sur-
rounding these parameters in the ocean are subject to much
consideration, the reader is referred to the detailed discus-
sions within the recently published OceanSensors08 paper
“Sensors and instruments for oceanic dissolved carbon mea-
surements” (Schuster et al., 2009)
Further to the quantiﬁcation of the chemicals involved in
biogeochemical cycles, the identiﬁcation and quantiﬁcation
of organisms or functional groups of micro-organisms driv-
ing these processes is of interest and this links to the species
identiﬁcation and enumeration discussed in Sect. 2.2.3.
2.2.2 Primary productivity
As outlined above, primary productivity – that is the as-
similation of inorganic carbon into organic carbon by pho-
tosynthesising plants, forms the basis of the marine food
chain. In the main, marine primary production is carried
out by phytoplankton, i.e. small drifting mostly single cel-
lular organisms. Quantifying primary production of phyto-
plankton is achieved in various ways; either measuring the
rate of radio-labelled carbon incorporation (a discrete sam-
plebasedmethod)orusingsensorstoestimatebiomassbased
on chlorophyll-aconcentration in the water – as also outlined
under remote sensing of ocean colour – or by measuring oxy-
gen as product of photosynthesis.
In-situmeasurementsofchlorophyllarepossibleusingﬂu-
orometers (for example Seapoint ﬂuorometers as used on
SmartBuoys, see http://www.seapoint.com/scf.htm) and used
in deduction of primary production (Dennis, 2006; Dennis
et al., 2006). A useful addition to the basic cholorphyll a
quantiﬁcation are ﬂuorometers that give more information
about the health of the algal population and their photo-
synthetic yield. Examples are Fast repetition rate ﬂuorom-
eters (FRRF), Phytoﬂash and Pulse-Amplitude-Modulation
(PAM) ﬂuorometers, which provide a selective measure
of the relative chlorophyll ﬂuorescence quantum yield.
(see http://www.chelsea.co.uk/Instruments%20FASTtracka.
htm, http://www.walz.com/index.html, and http://www.
turnerdesigns.com/t2/instruments/phytoﬂash.html). With the
help of the so-called “Saturation Pulse Method”, the quan-
tum yield of photosynthetic energy conversion can be de-
rived. Thesemethodsstillneedcalibrationandcheckingwith
accepted carbon incorporation methods, but good matches
between traditional and ﬂuorescence-based production esti-
mates have been reported (Kromkamp et al., 2008).
One controlling factor of primary production is the
prevailing light ﬁeld that may vary hourly, daily and
seasonally. There are several optically active constituents
(OAC) that affect the penetration of sunlight into the
water column, namely suspended particulate matter (SPM),
phytoplankton, and coloured dissolved organic material
(CDOM) (Foden et al., 2008; Devlin et al., 2008). The
light level may be measured directly over a range of
wavelengths, thus giving valuable information on the
spectral distribution underwater, or measured across the
total photosynthetically active radiation (PAR) range of
400–700nm (http://www.wetlabs.com/products/index.htm,
http://www.turnerdesigns.com, http://www.licor.com).
The attenuation of light (Kd) can be measured directly
be comparing irradiance values at two or more depths,
or derived from knowledge of the OACs (Devlin et al.,
2008) using a radiative transfer model such as HydroLight
(http://www.sequoiasci.com/products/Hydrolight.aspx).
SPM may be measured by a transmissometer
(http://www.seabird.com) or, more usually, optical back
scatter (OBS) of infra-red beams. Many OBS or turbidity
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sensors are commercially available and several were re-
cently assessed by the Alliance for Coastal Technologies
(ACT – http://www.act-us.info/evaluation reports.php).
Further details regarding the size, and to some ex-
tent, the shape of the suspended particles may also
be obtained by deploying a particle size analyser:
(http://www.sequoiasci.com/products/LISST Inst.aspx).
Another OAC, coloured dissolved organic matter
(cDOM), may be determined by in-situ absorption or
ﬂuorescence at selected wavelengths. A recent Cefas
project deployed a TriOS CDOM ﬂuorometer (http:
//www.trios.de/index.php?option=com content\&view=
article\&id=83\&catid=46\&Itemid=75\&lang=en) as part
of a sensor package to determine the light climate in UK
water bodies (Foden et al., 2008).
A useful tool in which observations are brought together
is the Ferrybox, a platform mounted on ships of oppor-
tunity, to collect high frequency data on regular transects
(see http://www.noc.soton.ac.uk/ops/ferrybox index.php and
http://www.ferrybox.com/ and http://www.4h-jena.de/index.
php?id=43\&L=0\&L=1). A recent paper used continuous
oxygen concentration records collected by ferrybox on cruise
transects between Portsmouth (UK) and Bilbao (Spain) for a
regional analysis of new production (Bargeron et al., 2006),
which illustrates that the oxygen measurements discussed in
Sect. 2.2.1 are also relevant to primary production estimates.
2.2.3 Species detection
The detection or identiﬁcation of species within the marine
environment is a ﬁeld where sensors are of increasing rele-
vance. While taxonomy has classically relied on morphol-
ogy and optical identiﬁcation, molecular biology has added
a new dimension to the setting of species boundaries. These
methods are of particular importance at the bottom of the
size spectrum: in characterising microbial and planktonic
communities. Automated optical methods, such as holocam
(http://www.holocam.com) and other image analysis based
sensing techniques are one group of tools. Automated anal-
ysis of size- and functional groups of primary producers can
be undertaken by ﬂow cytometry (http://www.cyto.purdue.
edu/ﬂowcyt/educate/pptslide.htm). However, although data
is generated rapidly and instruments exist both in laboratory
and in-situ format (http://www.cytobuoy.com), the interpre-
tation of the data still requires expert opinion. Further work
on establishing libraries and well-deﬁned criteria for group
identiﬁcation is required.
DNA or RNA based methods such as hybridisation probe
based sensors is another rapidly evolving ﬁeld. Molecular
biological methods for species detection will be discussed in
detail by Jon Zehr and colleagues in this series of OceanSen-
sor papers (Zehr, 2009) and signiﬁcant progress on the use
of molecular probes for the identiﬁcation of microbial and
phytoplankton species has been made by a group led by
Chris Scholin at Monterey Bay Aquarium Research Institute
(MBARI), again as discussed in a separate paper given at
OceanSenors08 (Scholin, 2009). Their Environmental Sam-
ple Processor (ESP) is possibly the furthest advanced tech-
nology for in-situ species detection. http://www.mbari.org/
muse/platforms/ESP.htm.
Molecular biological methods do not only aid the detec-
tion of individual species but can also yield useful infor-
mation with regard to species diversity and population dy-
namics (Rynearson et al., 2006; Rynearson and Armbrust,
2004). Genetic information determined through the use of
DNA/RNA ﬁngerprinting and molecular biologically based
sensors provide insights into many ecosystem processes and
interactions.
When going from water column to sediment analysis,
matrix effects make individual species detection even more
technicallydifﬁcultandsomostanalysisofmeio-andmacro-
fauna has relied on conventional grab techniques providing
information about habitats and assemblages. Microbial prob-
ing is developing and ﬁngerprints of functional groups, such
as denitriﬁers, nitriﬁers, and sulphate reducers (Pratscher et
al., 2009; Mills et al., 2008), have been described, but so far
no methodology for in-situ sensing based on these probes has
become available.
An optical methodthat allows direct insightsinto sediment
structure and species within the sediment is the Sediment
proﬁle imagery (SPI) camera discussed under Sect. 2.2.1.
Its application in understanding of pattern, scale and process
in marine benthic systems has been described (Solan et al.,
2003).
2.2.4 Animal movements
The advent of micro-electronics in the 1950s and the further
development of integrated circuit (silicon chip) technology
allowed, by the early 1990s, the development of electronic
“data storage” or “archival” tags that could be made small
enough to attach to, or implant into, individual ﬁsh (see re-
view by Arnold and Dewar, 2001). These devices intermit-
tently record and store information from on-board sensors
that measure environmental variables such as pressure (to
give depth), temperature and ambient daylight. Although
early tags of this type were quite large, (20–40g), they could
store comparatively limited amounts of data (30k–50k data
points) and were expensive (∼£700–800). Technology has
since advanced rapidly and tags that can store in excess of a
million data points, weigh 1–2g (in water), and cost £200–
300 are now available (Metcalfe et al., 2009). Figure 4 illus-
trates the reduction of size of data storage tags designed for
deployment on ﬁsh since the early 1990s.
The data from such tags not only provide ﬁne-scale in-
formation about behaviour (e.g. vertical movements derived
from pressure readings) but can also be used to determine
geolocation (e.g. from records that provide an estimate of
day length (to estimate latitude) and the time of local mid-
day or midnight (to estimate longitude) if ambient daylight
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is recorded (Wilson et al., 1992; Hill, 1994; Metcalfe, 2001),
or tidal data derived from pressure recordings when the ﬁsh
remain at the seabed through a full 12h tidal cycle (Metcalfe
and Arnold, 1997; Hunter et al., 2003) on many occasions
while the ﬁsh is at liberty. This behavioural and movement
information can then be integrated with environmental data
that were either recorded by the tag at the same time (e.g. wa-
ter temperature), or that were collected independently (e.g.
satellite data of sea surface temperature or biological produc-
tivity) for the same geographical area e.g. Sims et al. (2003).
More recently, sensors have been used directly to monitor
detailed aspects of behaviour such as feeding. For example,
temperature sensing data storage tags that monitor the differ-
ence between visceral and environmental temperatures have
been used to monitor feeding events and estimate food in-
take in southern blueﬁn tuna (Gunn and Block, 2001) and
tags equipped with movement sensors have been used to de-
tect jaw movement (including feeding) events in penguins
(Wilson et al., 2002) and cod (Metcalfe et al., 2008).
First results from these sort of electronic tagging studies
provided exciting insights into the behaviour of individuals,
revealing unprecedented levels of detail from ﬁsh behaving
in their natural environment over extended periods of time.
Understandably, early reports described movements over pe-
riods of weeks and months (Metcalfe and Arnold, 1997), but
results spanning multi-year timescales are now appearing in
the literature (Hunter et al., 2003, 2005). However, because
tag returns, even for heavily exploited species, may be no
more than 20–30%, many hundreds of tags need to be de-
ployed before it starts to become possible to draw conclu-
sions at the scale of ﬁsh populations. Consequently, it is only
now that this technology is beginning to deliver meaning-
ful information that can be applied at the level of ﬁsh stocks
(Hunter et al., 2005, 2006; Metcalfe, 2006).
Data collected from individual marine mammals or ﬁsh
species can also provide insights into physical conditions in
the oceans at sites where access by conventional sampling
platforms is difﬁcult, for example under Artic or Antarctic
sea ice. For larger animals data can be transmitted back to
shore stations via satellite or mobile phone networks.
While the primary purpose of telemetry studies with ma-
rineanimalsistounderstandtheirmovements, behaviourand
distribution in relation to the environment, the environmental
data itself has a value to oceanographers and criminologists,
particularly when the animals are making large-scale move-
ments in more inaccessible and poorly surveyed areas such
as the southern Oceans. An example is the SEaOS (Southern
elephantsealsasoceanicsamplers)projectinwhichpurpose-
built CTD sensors linked to satellite relayed data loggers de-
ployedonSouthernelephantsealsare usedtoprovidedataon
cross sectional samples of the main circum-Antarctic fronts
and convergences as well as oceanographic data associated
with the marginal ice zone and areas deep within it (Char-
rassin et al., 2008).
2.2.5 Habitats
Habitat characterisation is an integral of many of the param-
eters described above. Furthermore, habitats can be sensed
remotely or mapped using optical and acoustic techniques
(Birchenough et al., 2006). Acoustic sensors, such as side
scan sonar, and optical hyperspectral instruments such as
CASI do provide important information about the physi-
cal structure of seabed environments but they still require
ground-truthing via conventional techniques (Eastwood et
al., 2006).
2.2.6 Pollutants
A large number of biosensors have been developed to mea-
sure individual pollutants (Kr¨ oger et al., 2002; Kr¨ oger and
Law, 2005) and many of these sensors could be used in
ecosystem status related measurements. Many suffer prob-
lems with regard to stability, robustness, lifetime or sim-
ply commercial availability. For these reasons, few pollu-
tant measurements are currently made in-situ, most rely on
sample analysis by traditional chemical methods in dedicated
laboratories. Efforts are being made to develop more sensors
for pollutant analysis in the ﬁeld.
In Table 2, a range of different biosensors is categorised
according to their area of application in marine measure-
ments. This list can be further substituted with physical and
chemical sensors and would need updating to include further
sensors described since 2004, but it gives a ﬂavour of the
breadth of academic research into this area, of which little
has so far translated into routine monitoring tools.
Generally speaking most pollutant concentrations in the
marine environment are relatively low due to dilution of ter-
restrial or atmospheric inputs. Therefore the problem for
many sensors can be obtaining sufﬁciently low detection lim-
its, and analyte enrichment techniques, such as solid phase
extraction or the use of passive samplers combined with
conventional chemical analysis in laboratory settings is fre-
quently applied instead of direct sensing. Integration of pas-
sive sampling or analyte enrichment techniques with in-situ
sensors is a promising area for further development.
3 Conclusions and forward look
The sensors and systems described above cover a wide range
of applications, utilising varied deployment platforms and
sample matrices. Gaps, such as automated systems quantify-
ing secondary production or sensors that further investigate
processes within sediments, have been highlighted alongside
the outline of existing systems and current developments.
In summary the big questions when assessing the ma-
rine ecosystem are: do we see the diversity of plants and
animals we would expect, are there enough individuals of
the species we would expect to see and not too many alien
species, are these plants and animals generally healthy (not
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Table 2. Examples of biosensors relevant to marine applications (note: the table is by no means exhaustive, but only intended to give a ﬁrst
idea of the breadth of available systems).
Application area Analyte Reference
Eutrophication Nitrate and nitrite (Aylott et al., 1997) (Kirstein et al., 1999)
(Mbeunkui et al., 2002) (Moretto et al., 1998)
(Larsen et al., 1997) (Nielsen et al., 2004) (Pa-
tolsky et al., 1998) (Prest et al., 1997) (Ramsay
and Wolpert, 1999; Revsbech, 2005) (Sasaki
et al., 1998) (Takayama, 1998; Zazoua et al.,
2009)
Phosphate (Engblom, 1998) (Kwan et al., 2005) (Naka-
mura et al., 1999) (Nakamura et al., 1999) (Par-
ellada et al., 1998)
Food safety Algal toxins (for
example anatoxin-a,
brevetoxin, domoic
acid, okadaic acid, sax-
itoxin and tetrodotoxin)
(Camp` as et al., 2008) (Carter et al., 1993)
(Cheun et al., 1998) (Devic et al., 2002)
(Kreuzer et al., 2002) (Marquette et al., 1999;
Shitanda et al., 2009) (Tang et al., 2002) (Volpe
et al., 2009)
Pathogens (Leonard et al., 2003)
Organisms
detection/taxonomy
Nucleic acids
(DNA/RNA)
(Campas and Katakis, 2004;Diercks et al.,
2008a) (Diercks et al., 2008b) (Drummond et
al., 2003)(Epsteinetal., 2002)(Gooding, 2002)
(Homs, 2002) (Kerman et al., 2004) (Kulag-
ina et al., 2006) (Vercoutere and Akeson, 2002)
(Palecek and Jelen, 2002) (Wang, 2002)
Pollutants Pesticides (Chouteau et al., 2005) (Mallat et al., 2001)
(Mallat et al., 2001) (Penalva et al., 1999; Sol´ e
et al., 2003b) (Sol´ e et al., 2003a) (Suri et al.,
2002) (Vedrine et al., 2003)
Polycyclic aromatic hy-
drocarbons (PAH)
(F¨ ahnrich et al., 2003) (Gobi et al., 2003)
(Chang et al., 2004)
Steroids (Draisci et al., 2000) (Kr¨ oger et al., 2002) (Mo
et al., 1999)
Tributyltin (Horry et al., 2007) (Thouand et al., 2003)
Trace metals Cadmium (Chouteau et al., 2004)
Cadmium, Copper,
Mercury and Tin
(Rodriguez et al., 2004)
Lead (Lu et al., 2003)
Zinc and Chromate (Ivask et al., 2002)
exhibiting unnaturally high levels of disease) and is the sys-
tem stable and productive? If we can answers these ques-
tions we can try to manage towards the ambition described
in the UK Marine Monitoring and Assessment Strategy (UK-
MMAS), for “clean, healthy, safe, productive and biolog-
ically diverse oceans and seas” (http://www.defra.gov.uk/
environment/marine/about.htm).
Sensors can be used to make important observations,
which form the basis for ecosystem status assessment. The
range of observations covered under this heading is ex-
tremely diverse – ranging from in-situ quantiﬁcation of indi-
vidual chemicals, to effects measurements of pollutants, in-
dividual or cumulative, to tracking of animal movements and
even remote observations of large sea areas. The matrixes in-
volved can be water, sediment, biota or even the atmosphere
above the sea. In addition to the availability of sensors for
different parameters, their usefulness is determined by per-
formance characteristics such as stability, sensitivity, size,
power consumption, fouling resistance, cost, longevity and
ability to interface with different observational platforms, as
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ecosystem status observations rely on data being provided at
the appropriate temporal and spatial resolution. Some sen-
sors have been discussed above; many more are available or
emerging. For new sensors, it is down to a dialogue between
sensor developer and problem holder to discuss appropriate
speciﬁcations and estimate how realistic it is to develop an
appropriate tool. Bridging the gap between what is theoreti-
cally a good idea and academically possible and what makes
a good routine monitoring tool is often not a small challenge.
It is clear though, that many useful sensors and techniques
are available and many more desirable, if progress towards a
“clean, safe, healthy, biodiverse and productive sea” is going
to be made using the “ecosystem approach to management”.
Appendix A
Related web links
http://ec.europa.eu/environment/water/marine/index en.htm
http://www.ioc-goos.org/
http://www.eurogoos.org/
http://www.defra.gov.uk/environment/marine/about.htm
http://www.cefas.co.uk/data/marine-monitoring.aspx
http://envirotechinstruments.com/index.html
http://www.unisense.com
http://www.trios.de/index.php?option=com content\&view=article&id=199\
&catid=45\&Itemid=74\&lang=en
http://www.aadi.no/aanderaa/welcome.aspx
http://www.cobo.org.uk/
Http://www.aslo.org/santafe2007
http://www.seapoint.com/scf.htm
http://www.chelsea.co.uk/Instruments%20FASTtracka.htm
http://www.turnerdesigns.com/t2/instruments/phytoﬂash.html
http://www.walz.com/index.html
http://www.noc.soton.ac.uk/ops/ferrybox index.php
http://www.ferrybox.com/
http://www.trios.de/index.php?option=com content\&view=article\&id=83\
&catid=46\&Itemid=75\&lang=en
http://www.4h-jena.de/index.php?id=43\&L=0\&L=1
http://www.sequoiasci.com/products/LISST Inst.aspx
http://www.mbari.org/muse/platforms/ESP.htm
http://www.cytobuoy.com/
http://www.wetlabs.com/products/index.htm
http://www.licor.com
http://www.turnerdesigns.com.
http://www.seabird.com
http://www.holocam.com
http://www.cytobuoy.com
http://www.cyto.purdue.edu/ﬂowcyt/educate/pptslide.htm
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